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We present the synthesis of D022 Mn3−δGa (δ = 0, 1) Heusler alloys by Spark Plasma Sintering
method. The single phase Mn3Ga (Tc ≃ 780 K) is synthesized, while Mn2Ga (Tc ≃ 710 K) is found
to coexist with a near-stoichiometric room temperature paramagnetic Mn9Ga5 (≈ 15 %) phase due
to its lower formation energy, as confirmed from our density functional theory (DFT) calculations.
The alloys show hard magnetic behavior with large room temperature spontaneous magnetization
ms(80 kOe) = 1.63 (0.83) µB/f.u. and coercivity Hc = 4.28 (3.35) kOe for Mn3Ga (Mn2Ga). The
magnetic properties are further investigated till Tc and the Hc (T) analysis by Stoner-Wohlfarth
model shows the nucleation mechanism for the magnetization reversal. The experimental results are
well supported by DFT calculations, which reveal that the ground state of D022 Mn2Ga is achieved
by the removal of Mn-atoms from full Heusler Mn3Ga structure in accordance with half Heusler
alloy picture.
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I. INTRODUCTION
The Mn-based Heusler alloys [1, 2] have gained exten-
sive interest in magnetism research community because
of their versatile magnetic behavior and consequent use
in multi-functional applications, starting from spintron-
ics to hard magnets. One such family is the Mn3−δGa
alloys in the tetragonal D022 crystal structure [2–5] hav-
ing a high Curie temperature (Tc > 600 K), large mag-
netic anisotropy Ku ∼ 10
6 erg/cc and high spin polar-
ization. Owing to these properties, the Mn-Ga family
has emerged as a favorable system for hard magnets
(in bulk [3, 4]) and spin-transfer-torque memory appli-
cations (in epitaxial thin films [5]). However, the syn-
thesis of D022 Mn3−δGa (0 ≥ δ ≥ 1) alloys has been
a challenging task due to the existence of manifold sta-
ble near-stoichiometric and structural phases [6–8]. Till
date, only arc melting technique has been used to syn-
thesize bulk D022 Mn3−δGa (δ = 0, 1) alloys [3, 4, 9–12],
which show large discrepancies in the magnetic proper-
ties. Meanwhile, the magnetism in hard-magnetic alloys
is largely controlled by the microstructure (grain size and
homogeneity) of the sample [13, 14]. For better homo-
geneity, the arc-melting procedure needs to be repeated
several times and further annealing for a long time (i.e.
1-2 weeks) is required [3, 4]. Besides, high evaporation
rate of Mn makes it difficult for controlled and reliable
synthesis of these alloys. Moreover, the preparation of
a denser sputtering target requires hot-compression of
arc-melted sample, which also leads to a much higher co-
ercivity [15]. To avoid aforementioned issues, a better
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alternative route to synthesize these alloys is single-step
Spark Plasma Sintering (SPS) technique [16, 17]. In ad-
dition to quick sintering and annealing temperatures, the
quasi-static compressive stress in SPS leads to maximum
uniformity and high mechanical strength [18], which are
highly advantageous for both hard magnets [19] and sput-
tering targets [17, 20].
The parent Mn3Ga alloy is established as a full-Heusler
alloy (XX′YZ) with a D022 structure, which is a tetrago-
nal variant of cubic L21 (Fm-3m) phase due to strong lat-
tice distortion along c-axis [21]. This stabilizes I4/mmm
crystal symmetry, where two unique Mn (X/X’- 4d and Y
- 2b) sites with an opposite arrangement of spins lead to
a ferrimagnetic structure. In this picture, D022 Mn3−δGa
(0 ≥ δ ≥ 1) structure must be realized by creating Mn
vacancies at 4d-site such that Mn2Ga (δ = 1) is a half-
Heusler alloy (XYZ). However, the ab initio calculations
[3] based on Heusler picture did not account the experi-
mental results on DO22 Mn3−δGa (0 < δ ≤ 1), and sug-
gested the vacancy formation at both Mn sites. More-
over, the neutron diffraction studies on Mn3−δGa thin
film [22] and ribbons [23] suggest a substitution model
with random site occupation of Mn (2b) and Ga (2a)
atoms, which occurs for the tetragonal variant of B2-type
structure [21]. Thus, the most intriguing issue is to iden-
tify the Mn-atoms (2b or 4d or both) that leave Mn3Ga
lattice to form a Mn2Ga crystal structure and hence, to
identify the ground state for Mn2Ga.
Here, we synthesized the D022 Mn3−δGa (δ = 0, 1)
alloys using SPS technique for the first time. The mag-
netic properties of two alloys are investigated over wide
temperature range (300 K to 950 K). We further em-
ploy density functional theory calculations to systemati-
cally study the formation and magnetic ground state of
2Mn3−δGa (δ = 0, 1) alloys, which are found to be con-
sistent with our experimental results.
II. EXPERIMENTAL DETAILS
The Mn3Ga and Mn2Ga alloys are synthesized by
Spark Plasma Sintering (SPS Syntex, 725) method. The
stoichiometric amount of high purity Mn (99.95%) and
Ga (99.99%) are intermixed in glove box with an ex-
cess of 4 wt.% Mn to compensate the evaporation loss.
The sintering is performed at 800 ◦C under a fixed pres-
sure of 8.5 kN for Mn3Ga with the heating and cool-
ing rates of 100◦C/min. A similar sintering process for
Mn2Ga is carried out at 800
◦C under 6 kN pressure.
The room temperature X-ray diffraction (XRD) patterns
are recorded using Rikagu Miniflex diffractometer and
analyzed with Rietveld method using FULLPROF pro-
gram. The as-sintered Mn3Ga shows mixed phase with
hexagonal and D022 tetragonal structure whereas D022
tetragonal Mn2Ga with ≈ 30 % of Mn9Ga5 phase is ob-
served in as-sintered Mn2Ga alloy. The differential scan-
ning calorimetry (DSC) measurements are performed on
as-sintered alloys to determine the annealing tempera-
ture for D022 phase formation. Following this, the sin-
tered pellets are vacuum sealed in quartz tubes and an-
nealed for 4 days at 725◦C for Mn3Ga and 400
◦C for
Mn2Ga with the heating and cooling rates of 10
◦C/min.
The Energy-dispersive X-ray spectroscopy (EDS) mea-
surements give an average stoichiometry of Mn2.90(5)Ga
and Mn2.05(5)Ga for Mn3Ga and Mn2Ga samples, re-
spectively. The detailed magnetic measurements are
performed by physical properties measurement system
(Quantum design) in the temperature range of 300 K to
950 K.
III. CALCULATIONAL DETAILS
The DFT calculations are carried out using VASP [24],
a plane wave based electronic structure code with pro-
jected augmented wave potential [25]. Perdew-Burke-
Ernzerhof (PBE) [26] exchange correlation functional
within generalized gradient approximation (GGA) are
employed. An energy cut off of 500 eV is used. The
k-mesh is generated by Monkhorst-Pack method and the
convergence of the results are tested by varying the mesh
size. For the generation of the electronic density of
states (DOS), denser k-grids are used. In all our calcula-
tions, self-consistency is achieved with numerical settings
that yield a convergence for energy differences to < 10−3
eV/atom. The atomic as well as geometrical optimization
are performed via conjugate gradient minimization [27]
and the forces on the atoms are converged to less than
0.001 eV/A˚. The vibrational free energy of the composi-
tions is calculated using phonopy [28].
IV. RESULT AND DISCUSSION
A. Structural Characterization
The room-temperature XRD patterns of SPS and vac-
uum annealed Mn3Ga and Mn2Ga alloys are shown in
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FIG. 1: Room temperature X-ray diffraction (XRD) pat-
terns of (a) Mn3Ga and (b) Mn2Ga, fitted with single-phase
I4/mmm symmetry and two-phases i.e. main phase I4/mmm
and secondary phase(S) P-43m symmetries, respectively us-
ing Rietveld method. (c) The thermal variation of the forma-
tion energy Ef for near-stoichiometric Mn2Ga and Mn9Ga5
phases.
Fig. 1(a) and (b), respectively. The Rietveld refine-
ment confirms the single tetragonal D022 phase (space
group - I 4/mmm) for Mn3Ga with lattice parameters, a
= 3.897(1) A˚ and c = 7.213(1) A˚. On the other hand, the
Mn2Ga alloy is formed in tetragonal phase [a = 3.890(1)
A˚, c = 7.205(1) A˚] with ≈ 15 % volume fraction of near-
stoichiometric secondary Mn9Ga5 phase (P-43m symme-
try). In comparison to lattice parameters [a = 3.904(5)
A˚, c = 7.091(8) A˚] for arc-melted Mn3Ga [3, 29], the
a for SPS Mn3Ga is quite similar whereas c is notably
larger. Furthermore, previous arc-melted studies show an
increase of c parameter for Mn2Ga compared to Mn3Ga
[3, 29]. In contrast, our SPS samples reveal a slight de-
crease of ’c’ parameter from Mn3Ga to Mn2Ga, which is
consistent with D022 Heusler alloy picture with partial
removal of 4d Mn atoms from Mn3Ga unit cell [21].
To understand the formation of secondary Mn9Ga5
phase during the synthesis of Mn2Ga alloy, we performed
DFT calculation of formation energy Ef for two compo-
sitions. Figure 1(c) shows the calculated E f of Mn2Ga
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FIG. 2: The temperature dependence of dc magnetization for
Mn3Ga (blue) and Mn2Ga (red) alloys in an applied magnetic
field of 500 Oe.
and Mn9Ga5 with respect to bulk phases by including the
contributions stemming from the vibrational free energy.
The Ef for Mn9Ga5 comes out to be smaller than that
of Mn2Ga at the sintering temperature. This makes the
exclusion of secondary Mn9Ga5 phase quite difficult dur-
ing the synthesis of Mn2Ga. Nevertheless, Mn9Ga5 (Tc
< 165 K [30]) is non-magnetic in the temperature range
(300-950 K) under study and thus do not contribute to
the magnetic properties of Mn2Ga.
B. Magnetic Characterization
Figure 2 shows the temperature dependence of dc mag-
netization, m(T) for Mn3Ga and Mn2Ga. The m(T)
show a sharp increase below Tc ≃ 780 K and ≃ 710
K for Mn3Ga and Mn2Ga, respectively, which is consis-
tent with previous arc-melting study [3]. Complementing
XRD study, the m(T) results unambiguously confirm the
successful synthesis of D022 Mn3−δGa alloys.
The field dependent magnetization, m(H) loops for
Mn3Ga and Mn2Ga at selected temperatures are de-
picted in Fig. 3. Them(H) loops exhibit a broad hystere-
sis with non-saturating behavior up to 80 kOe, which can
be associated with a ferrimagnetic structure and strong
magnetic anisotropy present in these hard magnetic al-
loys. The room temperature spontaneous magnetization
(ms) is observed to be 1.63 µB at 80 kOe (1.45 µB at 50
kOe) for Mn3Ga, which is significantly larger than ∼ 1.1
µB (at 50 kOe) reported for arc melted alloy [3, 31]. This
may be attributed to significantly larger ’c’ parameter in
SPS Mn3Ga, as Mn-Mn exchange coupling increases with
interatomic distance [32]. In comparison, the room tem-
perature ms for Mn2Ga is 0.83 µB at 80 kOe, which is
nearly half of the Mn3Ga value. This is directly linked
to the structural evolution from Mn3Ga to Mn2Ga with
the formation of Mn-vacancies (either at 4d or 2b or both
the sites). Moreover, on increasing the temperature, the
ms decreases in a typical Bloch
′s law manner [33], which
confirms the long-range ferrimagnetic ordering in these
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FIG. 3: The field dependant magnetization curves of (a)
Mn2Ga and (b) Mn3Ga for selected temperatures. The in-
set shows the thermal variation of maximum energy product
(BHmax).
alloys. Here, we want to point out that in contrast to
present SPS study, the previous arc-melting study [3]
shows a increase of moment from Mn3Ga to Mn2Ga,
which has been modeled by an ab initio study with re-
moval of Mn-atoms from both the Mn-sites (one-third
from 4d-site and two-third from 2b-site). Such contrast-
ing behavior may stem from the difference in growth tech-
niques. Unlike the formation of alloys “freely” in “arc-
melting” technique, the “SPS” method involves large
quasi-static compressive stress, which can result in dif-
ferent atomic arrangement within the unit cell, in partic-
ular for partially-filled structures like Mn2Ga. This issue
is further analyzed using DFT calculations in section 4.3.
We now turn to the hard magnetic behavior in two
alloys. The m(H) loops also shows a large room temper-
ature coercivity (Hc) of 4.29 kOe (3.35 kOe) for Mn3Ga
(Mn2Ga), which monotonically decreases with tempera-
ture [See Fig. 4]. The hardening of magnetic materi-
als is generally dependent on the magnetic anisotropy in
the system, which acts against the coherent rotation of
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FIG. 4: The temperature dependence of coercivity (Hc)
for Mn3Ga (blue circles) and Mn2Ga (red squares). The
inset shows the temperature dependent uniaxial magneto-
crystalline anisotropy (Ku) extracted from ATS analysis with
respective color coding.
the magnetic moments, according to Stoner-Wohlfarth
model [34]. We have estimated the effective magnetic
anisotropy by fitting m(H) isotherms to the law of “ap-
proach to saturation” (ATS) [35, 36] given as: m(T,H) =
χhf ×H +msat[1− b(T )/H
2]. Here, χhf represents high
field susceptibility due to paraprocesses and the coeffi-
cient b(T ) relates to the magnetic anisotropy in the sys-
tem. The nature of magnetic anisotropy can be quali-
tatively determined from the remanence ratio (mr/ms),
which is found to be ∼ 0.49 (0.44) for Mn3Ga (Mn2Ga)
alloy. The mr/ms values for two alloys are very close to
0.5 as expected for uniaxial anisotropy. This indicates the
presence of uniaxial magneto-crystalline anisotropy (Ku)
for two alloys. In that case, b(T ) is related to Ku(T) by
the relation, b(T ) = 4 K2u(T)/15 m
2
sat(T) [36].
We have fitted the m(H) isotherms at all the temper-
atures with “ATS model” for H ≥ 50 kOe and deter-
mined the temperature dependence of Ku, as shown in
the inset of Fig. 4. The room temperature Ku val-
ues are 10.24 Merg/cc and 6.11 Merg/cc for Mn3Ga
and Mn2Ga, respectively. The Ku(T) can be related to
Hc (T) through modified Stoner-Wohlfarth (SW) rela-
tion [14, 37], Hc(T ) = α(T ) × 2Ku(T )/msat(T ), where
α(T) is the microstructural parameter (α = 1 for ideal
uniform magnetization reversal against the anisotropy).
The domain wall movement resulting from the nucle-
ation (with respect to initial magnetic state) or pinning
of magnetic domains in inhomogeneous regions reduces
the anisotropy by the factor α(T). The two mechanism
can be distinguished by α-parameter, which is > 0.3 for
nucleation process, whereas < 0.3 for combined pinning
and nucleation processes [14]. Our Hc (T) analysis using
modified SW model gives α(T) ∼ 0.7 (Mn3Ga) and 0.5
(Mn2Ga) up to Tc. The α(T) values (> 0.3) suggest that
the nucleation process is mainly responsible for hardening
FIG. 5: The calculated total energy difference (per formula
unit) of various Mn2Ga configurations (a,b,c) with respect
to its minimum energy ground state (b), along with the ar-
rangement of magnetic moments at two (Mn-I and Mn-II)
sites. The unit cell for Mn3Ga is shown in the inset.
of these two alloys. Moreover, the comparatively lower
α(T) from Mn2Ga may result from presence of partial
Mn-vacancies (defects) in distorted ferrimagnetic struc-
ture of Mn2Ga. We have also calculated the character-
istic parameter for hard magnet viz. maximum energy
product, BHmax = Max(−B × H) in second quadrant.
The room temperature BHmax values at 80 kOe are 0.61
MGOe and 0.2 MGOe for Mn3Ga and Mn2Ga, respec-
tively. The thermal variation of BHmax for two alloys is
shown in inset of Fig. 3, which show a similar behavior to
Hc (T). Here, we point out that the a large discrepancy
has been observed in previously reported room temper-
ature magnetic properties like ms, Hc and BHmax for
arc-melted alloys [3, 4, 9–12]. To understand the differ-
ences in our results from previously reported arc-melted
studies, the evolution of chemical and magnetic structure
from Mn3Ga to Mn2Ga has been further investigated us-
ing DFT calculations.
C. Magnetic Ground state: DFT Calculations
To determine the minimum energy ground state for
DO22 Mn3Ga and Mn2Ga alloys, we have carried out
DFT calculations by taking unit cell dimension of exper-
imentally determined lattice parameters. In D022-type
Mn3Ga unit cell with I4/mmm symmetry, Mn-atoms oc-
cupy two different Mn-sites, namely, Mn-I at 2b (0, 0,
1/2) and Mn-II at 4d (0, 1/2, 1/4) wyckoff positions with
a multiplicity of 1 and 2, respectively, while Ga atoms
only occupy 2a site [see inset of Fig. 5]. This is in con-
sistent with Heusler alloy picture [21]. In this structure,
the magnetic moments at Mn-I (2b) and Mn-II (4d) sites
have antiparallel arrangement, leading to a ferrimagnetic
5FIG. 6: The atom projected (color coded) density of states
(middle panel) and the spin up (left panel) and spin down
(right panel) band structure of Mn-Ga alloys. The Fermi
level is set at ‘zero’.
structure. Next, the Mn3−δGa (δ 6= 0) unit cell can be
realized by removal of Mn from Mn3Ga unit cell at ei-
ther (i) Mn-I site, or (ii) Mn-II site or (iii) both Mn-I
and Mn-II sites. Here, we study the minimum energy
ground state of Mn2Ga (δ = 1) by unraveling several
structural configurations. In Fig. 5, the total energy dif-
ference of three main partially filled DO22-type Mn2Ga
configurations with respect to lowest energy configura-
tion is plotted. The complete removal of Mn-I (2b) atoms
[cf. configuration (a)] results in a high energy configura-
tion with ferromagnetic alignment of magnetic moments
at Mn-II (4d) sites (P4/mmm symmetry). In compari-
son, the removal of Mn-atoms only from Mn-II (4d) sites
results in lower energy [cf. configurations (b) and (c)],
leading to a I4/mmm symmetry for Mn2Ga also; this is
in consistent with half-Heusler alloy structure [21]. Out
of several such possibilities, the configuration (b) in Fig.
5 represents the minimum energy (ground) state for D022
Mn2Ga with I4/mmm symmetry.
The magnetic moments associated with DO22-type
Mn3Ga and Mn2Ga ground states have been extracted
from the total and atom projected density of states
(DOS) calculations [see Fig. 6]. In all cases, the Mn
atoms mainly contribute to the magnetic moment in
these compounds, as evident from the prominent split
in the spin up (↑) and spin down (↓) contribution of the
Mn atoms in the DOS near the Fermi level. The symmet-
rically inequivalent Mn atoms at 2b and 4d sites lead to
different (opposite) magnetic contributions. In Mn3Ga
configuration, the net atomic magnetic moments (ms) of
System Atomic Moments in µB Total moment in
(Multiplicity) µB/f.u.
Mn-I Mn-II Ga W/O SOC W SOC
Mn3Ga -2.841(1) 2.307(2) -0.065(1) 1.74 1.8
Mn2Ga -3.207(1) 1.837(2) -0.010(1) 1.39 1.46
TABLE I: The atom specific and net magnetic moments per
f.u. with (W) and without (W/O) spin orbit coupling (SOC),
and spin polarization of Mn3Ga and Mn2Ga alloys.
2.841 µB at Mn-I (2b) and 2.307 µB at Mn-II (4d) sites
lead to an effective magnetic moment, m = 2 mII - mI -
mGa = 1.74 µB/f.u. for the system. Whereas, with the
removal of a Mn-II (4d) atoms in Mn2Ga unit cell, the
(effective) major contribution comes from Mn-I (2b) site
(3.207 µB) in comparison to Mn-II (4d) site (1.837 µB),
resulting in a net magnetic moment, m = mI - mII +
mGa = 1.39 µB/f.u. for Mn2Ga. The inclusion of spin-
orbit coupling (SOC) leads to a small increment in net
magnetic moment for two alloys. Furthermore, the spin
polarization for two alloys is calculated as 58% (53%) for
Mn3Ga (Mn2Ga), which is in agreement with the experi-
mental study [5]. The summarized atom specific and net
magnetic moments in Mn3Ga and Mn2Ga alloys with-
out (W/O) and with (W) SOC along with spin polariza-
tion are enlisted in Table I. Thus, the DFT calculations
clearly shows that Mn2Ga adopts a half Heusler structure
with removal of only Mn-II (4d) atoms from full Heusler
Mn3Ga unit cell, leading to a significant decrease in net
magnetic moment in comparison to Mn3Ga. This sup-
ports our experimental results on SPS DO22 Mn3−δGa
(δ = 0, 1) alloys.
V. CONCLUSION
In summary, we synthesized the Mn3−δGa (δ = 0, 1)
alloys with D022 tetragonal structure by Spark Plasma
sintering technique. The magnetization measurements
reveal Tc ≃ 780 K and ≃ 710 K for Mn3Ga and
Mn2Ga, respectively. The magnetic hysteresis loops for
Mn3Ga (Mn2Ga) yield large room temperature sponta-
neous magnetization ms of 1.63 (0.83) µB/f.u. at 80 kOe,
BHmax of 0.61 (0.20) MGOe as well as coercivity, Hc of
4.285 (3.35) kOe. The Stoner-Wohlfarth model reveals
that the magnetic reversal in these alloys are dominated
by nucleation mechanism. Furthermore, we employ DFT
calculations to identify the ground state structures and
the associated magnetic properties of D022 Mn3−δGa (δ
= 0, 1) alloys, which are in support of our experimental
results. Finally, we point out that the SPS technique of-
fers a controlled synthesis of D022 Mn3−δGa (0 ≥ δ ≥ 1)
alloys, preserving the Heusler alloy structure.
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